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Abstract: Despite the advances in cancer therapy and early detection, breast cancer 
remains a leading cause of cancer-related deaths among females worldwide. The aim 
of the current study was to investigate the antitumor activity of a novel compound, 
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4-(3,4,5-trimethoxyphenoxy)benzoic acid (TMPBA) and its mechanism of action, in breast 
cancer. Results indicated the relatively high sensitivity of human breast cancer cell-7 
and MDA-468 cells towards TMPBA with 7C 50 values of 5.9 and 7.9 |uM, respectively 
compared to hepatocarcinoma cell line Huh-7, hepatocarcinoma cell line HepG2, and 
cervical cancer cell line Hela cells. Mechanistically, TMPBA induced apoptotic cell death 
in MCF-7 cells as indicated by 4 f ,6-diamidino-2-phenylindole (DAPI) nuclear staining, cell 
cycle analysis and the activation of caspase-3. Western blot analysis revealed the ability of 
TMPBA to target pathways mediated by mitogen-activated protein (MAP) kinases, 
5 f adenosine monophosphate-activated protein kinase (AMPK), and p53, of which the 
concerted action underlined its antitumor efficacy. In addition, TMPBA induced alteration 
of cyclin proteins' expression and consequently modulated the cell cycle. Taken together, 
the current study underscores evidence that TMPBA induces apoptosis in breast cancer 
cells via the modulation of cyclins and p53 expression as well as the modulation of 
AMPK and mitogen-activated protein kinases (MAPK) signaling. These findings support 
TMPBA' s clinical promise as a potential candidate for breast cancer therapy. 

Keywords: 4-(3,4,5-trimethoxyphenoxy)benzoic acid; MCF-7; MDA-468; apoptosis; 
MAPK kinases; p53; cyclins 



1. Introduction 

Breast cancer is one of the most common and deleterious of all diseases affecting females in 
addition to being the second leading cause of death among women worldwide [1,2]. Many factors are 
associated with the increased risk of breast cancer such as gene mutation, radiation, lifestyle and 
alcohol intake [3-7]. While many breast cancer patients initially respond to chemotherapy, resistance 
often rapidly develops which leads to poor clinical prognosis [8]. Breast cancer resists most of the 
clinically-available anticancer agents during the course of therapy which underscores the current need 
for novel, easily accessible drugs with superior efficacy. 

Apoptosis is a highly regulated process of programmed cell death, and disruption of this process 
represents a major contributing factor in the pathology of cancer [9]. Apoptosis is mediated by the 
action of caspases, a group of cysteine proteases which can be activated through two pathways, 
extrinsic and intrinsic pathways [10-13]. The activation of caspases induces protein cleavage which 
results in chromatin condensation, DNA fragmentation, and cell shrinkage [14]. Another major player 
in apoptosis process is p53 which is activated when mammalian cells are subjected to stress conditions 
such as hypoxia, radiation, DNA damage or chemotherapeutic drugs [15,16]. The main function of the 
tumor suppressor, p53, is to limit the cellular proliferation by inducing cell cycle arrest and apoptosis 
in response to stress. In addition to its role in suppressing tumorigenesis, p53 contributes to 
chemotherapy-induced cell death [17]. p53 mediates apoptosis through a linear pathway involving Bax 
transactivation, mitochondrial cytochrome c release mitochondria and caspase-9 activation, followed 
by the activation of caspase-3, -6, and -7 [18,19]. 
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Pharmacological induction of cell cycle arrest especially in transformed cells is an effective strategy 
in restricting tumor growth both in vitro and in vivo [20,21]. The cell cycle is regulated by cyclic 
formation and breakdown of various cyclin-cyclin-dependent kinase (CDK) complexes [22,23]. 
Cyclins are key regulators of the mammalian cell cycle, functioning primarily in concert with 
their catalytic partners, the cyclin-dependent kinases (CDKs). Overexpression of cyclin proteins has 
been linked to human cancer [22,23]. Therefore, the ability of these cyclins to activate CDKs is the 
most extensively documented mechanism for their oncogenic actions and provides an attractive 
therapeutic target [24-26]. 

4-(3,4,5-Trimethoxyphenoxy)benzoic acid was synthesized and the mechanisms of TMPBA-induced 
cell death are still unclear. Therefore, the aim of the current work was to extensively explore the 
cytotoxic activity of TMPBA against human breast cancer cells and to investigate the underlying 
mechanism of action. Our results demonstrated that TMPBA induced apoptosis by targeting a broad 
range of signaling pathways, including those mediated by MAP kinases, p53, cell cycle regulatory 
proteins and AMPK. To the best of our knowledge, this is the first study investigating the anticancer 
activity and underlying mechanisms of TMPBA in breast cancer cell lines. 

2. Results and Discussion 

2.1. Differential Susceptibility of Cancer Cell Lines to TMPBA-induced Cell Death 

To investigate the anti-proliferative effects of TMPBA (Figure 1), five human cancer cell lines were 
examined in response to TMPBA treatment: Huh-7, HepG2, Hela, MCF-7, and MDA-468. 



The cell lines were treated with TMPBA at the indicated doses for 24 h and the cell viability was 
determined by MTT assay. As shown in Figure 2, results indicated that HepG2, Huh-7, and Hela 
cancer cell lines were more resistant to TMPBA. On the other hand, the breast cancer cell lines MCF-7 
and MDA-468 were very sensitive to TMPBA. The IC 5 o values of TMPBA for MCF-7 and 
MDA-468 cells were 5.9 and 7.9 |umol/L, respectively. Furthermore, TMPBA-induced MCF-7 
and MDA-MB-468 cell death were confirmed by trypan blue exclusion assay (Figure 2B). 
In contrast, human normal mammary epithelial M10 cells were not susceptible to the cytotoxic effect 
of TMPBA (Figure 2C). 

2.2. TMPBA Changed Cell Morphology and Decreased Colony Formation in Breast Cancer Cells 

To confirm the ability of TMPBA to induce cell death in breast cancer cells, MCF-7 cells were 
treated with TMPBA then were observed for changes in the cell morphology and colony formation 
ability. For colony-forming ability of MCF-7 cells, cells were exposed to TMPBA then after 14 days; 
grown colonies were stained with crystal violet and counted. Results indicated that TMPBA caused 



Figure 1. The structure of 4-(3,4,5-trimethoxyphenoxy)benzoic acid (TMPBA). 
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progressive morphological changes from flat to round (Figure 3A). In addition, TMPBA significantly 
decreased colony formation ability of MCF-7 cells (Figure 3B). These results confirm the ability of 
TMPBA to target breast cancer cells. 

Figure 2. The anti-proliferative activity of TMPBA in Hela, HepG2, Huh-7, MCF-7 and 
MDA468 cells. (A) The effect of TMPBA on the cell viability of different cancer cell lines 
was assessed by MTT assay after treatment for 24 h. Points, mean; bars, SD (n = 6); 
(B) The effects of TMPBA on MCF-7 and MDA-MB-468 cells were assessed by trypan 
blue exclusion assay after treatment for 24 h. Points, mean; bars, SD (n = 6); (C) The 
effects of TMPBA on the cell viability of M10 cell line was assessed by MTT assay and 
trypan blue exclusion assay after treatment for 24 h. Points, mean; bars, SD (n = 6). 
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Figure 3. TMPBA changed cell morphology and decreased colony formation ability of 
MCF-7 cells. (A) The morphological changes after a 24-hour TMPBA treatment with 
MCF-7 cells. The cells were followed by photography under phase-contrast magnification 
(200x); (B) MCF-7 cells were treated with compounds, and colony formation was 
scored after 14 days. The number of colonies in the graphs was representative of three 
independent experiments (lower panel). Data represent the mean ± SD (n = 3). Significant 
differences (** 9 p < 0.01, ***,p < 0.001) between the control and experimental group are 
marked with asterisks. 







TMPBA 




Control 


1 uM 


2.5 uM 


5uM 






v° °° ° 


r w 
Cfi o °o. 

■■ V' < 
*>$> \k- 

r, ■ » 



(A) 

MCF-7. 14 days incubation 

I 2.5 5 uM 







SM 

* 400 

1 300 

§200 
"3 

O loo 












0 


I 


1 

PMB 


2.5 5 
\. iiinol 1 



(B) 



Int. J. Mol Sci. 2014, 15 



747 



Figure 4. TMPBA induced G2/M arrest and apoptosis in MCF-7 cells. (A) MCF-7 cells 
were treated with 5 |uM TMPBA for 12 h, the morphological changes were being analyzed 
by fluorescence microscopy with DAPI staining. Cells had nuclei maintaining mesh-like 
structure of chromatin or condensed chromatin (arrow); (B) Flow cytometric analysis of 
cell cycle in MCF-7 cells with TMPBA in 10% FBS-containing DMEM for 12 h. MCF-7 
cells were cultured with TMPBA for the dose indicated. The cells were analyzed by flow 
cytometry after staining with propidium iodide (PI); (C) The percentages in the graphs 
represent the percent of cell cycle phases in the respective quadrants (M1:G2/M phase; 
M2: S phase; M3: Gl phase; M4: Sub-Gl phase). Columns, mean; bars, SD; (D) Flow 
cytometric analysis of dose-dependent effect of TMPBA on caspase-3 activity in MCF-7 
cells. The relative caspase-3 activities, normalized to DMSO control, at the indicated 
concentrations of the compound. Columns, mean of three independent experiments; bars, 
SD (n = 3). Significant differences (* p < 0.05, *** p < 0.001) between the control and 
experimental group are marked with asterisks. 
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2.3. Induction of Cell Apoptosis and G2/M Cell Cycle Arrest by TMPBA Treatment in 
Breast Cancer Cells 



To investigate the mechanism of TMPBA-induced cell death in breast cancer cells, the ability of 
TMPBA to induce apoptosis was tested initially by DAPI staining. As shown in Figure 4A, chromatin 
condensation and apoptotic bodies were clearly observed in TMPBA-treated cells. Second, the effects 
of TMPBA on cell cycle progression in breast cancer cells was tested using DNA flow cytometric 
analysis. Results revealed that TMPBA caused the accumulation of MCF-7 cells in G2/M and sub-Gl 
phase cells in a dose-dependent manner (Figure 4B). It was observed that as the percentage of cells in 
G2/M increased, the percentage of cells in Gl phase decreased, and the proportion of S-phase cells 
was not significantly altered by TMPBA treatment in MCF-7 cells (Figure 4C). Third, since caspases 
play a pivotal role in apoptosis, the ability of TMPBA to activate caspases-3 was investigated using 
flow cytometric analysis. As shown in Figure 4D, the exposure of MCF-7 cells to TMPBA caused a 
dose-dependent activation of caspase-3 activity which reached a 3.3-fold increase at 5 |uM compared to 
control cells. Collectively, these results highlighted the mechanism of TMPBA-induced cell death in 
breast cancer cells to be, at least in part, via the induction of apoptosis. 
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2.4. Modulation of the Expression of Cyclin B, Cyclin E, cdc2, and cdc25 in TMPBA-Treated Cells 

To investigate the mechanism of TMPBA-induced modulation of cell cycle progression, Western 
blot analysis was used to test the effect of TMPB A on cyclin proteins expression. Results indicated the 
ability of TMPB A to down-regulate cyclin A, cyclin Al, cyclin Bl, cyclin El and cyclin E2 expression 
(Figure 5 A). On the other hand, TMPB A treatment increased the phosphorylated cdc2 (Tyr 15) and 
cdc25 (Ser 216) in MCF-7 cells (Figure 5 A). These results could explain the accumulation of a high 
percentage of cells at G2/M and cell cycle arrest that were observed by flow cytometry. 

Figure 5. Western blot analysis of the time-dependent modification effects of TMPBA on 
the expression and/or phosphorylation. MCF-7 Cells were exposed to 5 |uM TMPBA in 
10% FBS-supplemented DMEM for the indicated time intervals. (A) The effect of TMPBA 
on MAP kinases ERK1/2, JNK and p38 activation was investigated in MCF-7 cells; 

(B) Regulation of cell cycle-regulatory proteins by TMPBA, including cdc2, cdc25, cyclin A, 
cyclin Al, cyclin Bl, cyclin D2, cyclin El, cyclin E2, was determined by Western blotting; 

(C) Apoptosis-associated proteins p21, p53, MC1-1 Bcl-2, Bax, and AMPK were evaluated 
in TMPBA-induced cell apoptosis. 



5 (.imol/L TPMBA; h 
6 12 24 




5 (.imol/L TPMBA; h 



0 



3 6 12 24 



5 |Limol/L TPMBA; h 
0 3 6 12 24 



p-Cdc25 

Cdc-25 

p-cdc2 

Cdc-2 

Cyclin A 

p-actin 



(A) 



p-ERK 

ERK 

p-p38 

p38 

p-JNK 

JNK 

P-actin 



Cyclin Al 
Cyclin Bl 
Cyclin D2 
Cyclin El 
Cyclin E2 
P-actin 



5 (amol/L TPMBA; h 
12 24 



(B) 




p-AMPK 



2.5. Effect of TMPBA on MAPK Signaling Pathways 

Since mitogen-activated protein kinase (MAPK) families have been reported to play an important 
role in cell cycle regulation [27], and the effect of TMPBA on MAPK kinases signaling pathways was 
evaluated. As shown in Figure 5B, TMPBA treatment significantly induced the phosphorylation of 
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ERK and JNK while inhibited the phosphorylation of p38 in MCF-7 cells in a time-dependent manner. 
These results confirm the involvement of MAPK signaling pathways in the TMPBA-induced cell cycle 
modulation in breast cancer. 

2.6. TMPBA Effect on the Expression of p21, p53, Bax, Bcl-2, MCI-1 and AMPK 

To investigate the mechanism of TMPBA-induced apoptosis, the effect of TMPBA on p53, p21, 
Bcl-2, Mcl-1 and Bax levels were tested. As shown in Figure 5C, Western blot analysis revealed that 
TMPBA treatment caused a decrease in Mcl-1 levels and an increase in Bax, p21 and p53 levels compared 
to control cells. On the other hand, the expression of Bcl-2 was not affected by TMPBA treatment. 
In addition, TMPBA decreased the phosphorylation of AMPK (Figure 5C). These results partially 
explained the mechanism of TMPBA-induced G2/M cell cycle arrest and the consequent apoptosis. 

2. 7. TMPBA-induced p53 Expression via NF-kB Signaling Pathway 

Since TMPBA treatment significantly increased p53 expression (Figure 6A) and based on the role 
of NF-kB family members in the regulation of p53 gene in response to stress [28,29]; the role of 
NF-kB signaling pathway in p53 modulation was investigated. We hypothesized that activation of 
NF-kB may be the mechanism that accounts for the increased expression of p53 during TMPBA 
treatment. Results indicated that co-treatment of NF-kB inhibitor, Bay 11-7028, with TMPBA, 
dramatically inhibited TMPBA-induced expression of p53 (Figure 6B). These results confirmed the 
role of NF-kB signaling pathway in TMPBA-induced p53 expression. 

Figure 6. Regulation of p53 expression depends on NF-kB signaling pathway. (A) The 
time-dependent effect of TMPBA on p53 expression. MCF-7 Cells were exposed to 
TMPBA intoTMPBAin 10%FBS-supplemented DMEM for the indicated time intervals. 
The cell lysates were analyzed by western blotting with antibodies for p53 and (3-actin. The 
p53 protein expression level was quantified densitometrically; (B) The effect of the 
pharmacological inhibitor of NF-kB, Bay 11-7082, on TMPBA-induced p53 expression. 
Cultures of MCF-7 cells were treated with 5 |uM TMPBA in the presence of Bay 11-7082. 
The p53 protein expression level was quantified densitometrically. 
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3. Discussion 

Here, we report the translational potential of TMPBA to be developed into a new therapeutic agent 
for breast cancer. TMPBA effectively induced apoptotic cell death in MCF-7 and MDA-468 breast 
cancer cell lines via the modulation of multiple signaling pathways. The unique pleiotropic mode of 
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action of TMPBA by targeting signaling pathways that regulate cancer cell survival and progression 
such as cell cycle-regulatory proteins, AMPK, MAPK kinase, caspase-3 activity, p53 and Bcl-2 family 
proteins led to G2/M cell cycle arrest and apoptosis (Figure 7). In addition, the induction of p53 
expression in response to TMPBA treatment via NF-kB signaling pathway underscored its clinical 
potential as a chemopreventive agent for breast cancer [30]. 

During the process of carcinogenesis and tumor progression, tumor cells upregulate multiple 
signaling pathways controlling cell proliferation, survival, invasion, and metastasis [29,31]. The 
modulation of these signaling pathways usually affects cellular sensitivity to chemotherapeutic drugs 
and induces resistance and, thus, affects the outcome of cancer treatment [32]. The simultaneous 
targeting of multiple cancer cell survival pathways is one of the most successful strategies to minimize 
resistance in cancer therapy [33,34]. The unique pleiotropic mechanism of action of TMPBA offers a 
valuable outcome via simultaneous targeting of cancer cell growth and inhibiting resistance. 

Since p53 tumor suppressor functions as a regulator of transcription and mediates several biological 
effects, such as growth arrest and apoptosis in response to various forms of stress [35-37], we investigated 
the effect of TMPBA on p53 expression. Results showed the ability of TMPBA to significantly induce 
the expression p53 through NF-kB signaling pathway. The activation of NF-kB and the induction of 
p53 expression are essential therapeutic effects of many clinical cancer drugs [38-40]. 

Figure 7. Diagram depicting the effect of TMPBA on cell cycle regulatory proteins, MAP 
kinases, and p53. The interplay between these signaling networks at different cellular 
levels results in the ability of TMPBA to induce apoptosis in MCF-7 breast cancer cells. 
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The inhibition of AMPK phosphorylation by TMPBA treatment in MCF-7 cells highlighted the 
involvement of AMPK in TMPBA-induced cell death. AMPK emerged as a key kinase controlling 
many cellular processes, particularly pathways involved in cellular energy status, growth and/or 
survival of cancer cells [41-44]. In addition, the pro-apoptotic effect of AMPK has been attributed to 
the inhibition of cell cycle progression, activation of the c-Jun NH(2)-terminal kinase (JNK) pathway, 
caspase-3 activation, and up-regulation of the pro-apoptotic p53 protein [42]. These findings prompted 
us to confirm the pro-apoptotic activity of AMPK in response to TMPBA treatment by studying key 
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players involved in cell cycle regulation and apoptosis such as cyclin proteins expression and MAPK 
signaling. Our cell cycle and western blot analyses revealed the ability of TMPBA to cause cell cycle 
arrest and MAPK signaling modulation leading to cancer cell apoptosis. 

In summary, the current study provided an insight into the mechanism of breast cancer 
chemotherapy activity of TMPBA. Results indicated that TMPBA is a pleiotropic agent that induced 
cancer cell death by modulating multiple signaling pathways involved in cell cycle regulation, stress 
response and apoptosis. These findings support the clinical development of TMPBA into a new 
therapeutic component for breast cancer. 

4. Experimental Section 

4.1. Cell Culture and Material 

Huh-7, HepG2, Hela, MCF-7, and MDA-468 cell lines were obtained from the American Type 
Culture Collection (ATCC). M10 human normal mammary epithelial cell line was the gift from 
Shyng-Shiou Yuan. Cells were maintained at 37 °C in a 5% CO2 atmosphere in DMEM supplemented 
with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 
100 |ug/mL streptomycin. 2,5-diphenyl-tetrazolium bromide (MTT) and propidium iodide (PI) were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against various proteins were 
obtained from the following sources: cdc25, p-cdc25, cdc2, p-cdc2, p53, p21, Bcl-2, Mcl-1, Bax, and 
(3-actin (Santa Cruz Biotechnology, Dallas, TX, USA); cyclin A, cyclin Al, cyclin A2, cyclin Bl, 
cyclin Dl, cyclin D2, cyclin D3, cyclin El, cyclin E2, cyclin H, ERK, p-ERK, p38, p-p38, JNK, 
p-JNK, AMPK, p-AMPK, anti-rabbit IgG-horseradish peroxidase (HRP) conjugates, rabbit anti-mouse 
IgG-HRP conjugates antibodies (Cell Signaling, Danvers, MA, USA). 

4.2. Cell Viability 

Cell viability was assessed using the MTT assay in three replicates as mentioned before [33]. 
Briefly, Huh-7, HepG2, Hela, MCF-7, and MDA-468 cells were seeded at 5 x 10 3 per well in 96-well 
flat-bottomed plates and incubated in 10% FBS-supplemented DMEM for 16 h. Cells were treated with 
TMPBA at the indicated doses while controls received vehicle (DMSO). After 72 h, the drug-containing 
medium was replaced with 20 |uL of 10% FBS-supplemented DMEM containing 0.5 mg/mL MTT, and 
cells were incubated in the CO2 incubator at 37 °C for 4 h. Medium was removed, the reduced MTT 
was solubilized in 100 |uL of DMSO per well, and each well was transferred to 96-well plates to 
measure absorbance at 570 nm. 

4.3. Trypan Blue Exclusion Method 

Cell survival was determined by trypan blue exclusion method. Briefly, MCF-7 and MDA-MB-468 
cells were seeded at 2 x 10 4 per well in 24-well flat-bottomed plates and incubated in 10% 
FBS-supplemented DMEM for 16 h. Cells were treated with TMPBA at the indicated concentrations 
while controls received vehicle (DMSO). Cells were treated for 24 h and then collected by trypsinization. 
Viable cells were counted by an automated cell counter. Cells restricting trypan blue entry were 
considered viable. 
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4.4. Colony Formation Assay 

For the colony formation assay, MCF-7 cells were seeded at 3 x 10 3 per well in six-well, 
flat-bottomed plates and incubated in 10% FBS- supplemented DMEM for 16 h. The cells were then 
treated with different concentrations of TMPBA for 24 h. The culture medium was replenished, and 
cells were maintained at 37 °C for 10 days with medium changed every other day. Grown colonies 
were fixed with 3.7% formaldehyde and stained with crystal violet. The number of cell colonies was 
determined directly on each well. 

4.5. Morphological Observation of Nuclear Changes 

The morphological changes of nuclear chromatin in cells undergoing apoptosis were detected by 
staining with DAPI as mentioned before [45]. Briefly, 5 x 10 5 cells/dish were plated onto 6-cm dishes 
and incubated at 37 °C for 16 h. Cells were then treated with 5 mM TMPBA for 12 h. After treatment, 
the cells were fixed with 3% paraformaldehyde for 15 min, and staining with DAPI for 2 min. 
Apoptotic nuclei were identified by reduced nuclear size, condensed chromatin gathered at the 
periphery of the nuclear membrane or by a total fragmented morphology of nuclear bodies. 

4.6. Cell Cycle Analysis 

To determine cell-cycle distribution, 5 x 10 5 cells in a 6-cm dish were treated with various 
concentrations of TMPBA for 24 h. After incubation, the supernatant was removed, and the cells were 
then fixed in 70% ethanol/PBS, pelleted, and re-suspended in buffer containing RNase A and 
propidium iodide. Cell-cycle distribution was determined by flow cytometry analysis, and the 
percentages of cells were determined using the WinMDI software (version 2.8, Joe Trotter, Scripps 
Research Insititute, La Jolla, CA, USA, 2000). 

4. 7. Analysis of Caspase-3 Activity 

Caspase-3 activity was determined using PE active caspase-3 apoptosis kit (BD Pharmingen, 
San Jose, CA, USA). Briefly, MCF-7 (5 x 10 5 ) cells in 10 -cm dishes were subjected to drug treatment 
as indicated for 72 h and were re-suspended in 0.5 mL Cytofix/Cytoperm solution for 20 min on ice. 
Cells were then incubated in 100 |uL of Perm/Wash buffer containing 20 |uL caspase-3 antibodies for 
30 min at room temperature. Each sample was then added to 400 |uL Perm/Wash buffer, and caspase-3 
activity signals were analyzed by flow cytometry (BD Biosciences, San Jose, CA, USA) 

4.8. Western Blot Analysis 

The cell lysates were collected with RIPA lysis buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 
1% NP40, 0.25% Na-deoxycholate, 1 mM PMSF, 1 mM EDTA, 5 |ug/mL Aprotinin) containing 
protease inhibitors (1 mM PMSF, 1 mM orthovanadate, 1 mM EDTA, and 10 |ig/mL leupeptin). 
Protein concentrations of cell lysates were measured using a Micro BCA protein assay reagent kit 
(Pierce, Rockford, IL, USA). To the cell lysate, the same volume of SDS-PAGE loading buffer 
(100 mmol/L Tris-HCl, 4% SDS, 5% P-mercaptoethanol, 20% glycerol, and 0.1% bromphenol blue 
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(pH 6.8)) was added, and the cell lysates were boiled for 10 min. Equal amounts of proteins were 
resolved in SDS-polyacrylamide gels and transferred to nitrocellulose membranes using a semi-dry 
transfer cell. The blotted membranes were washed twice with TBS containing 0.1% Tween 20 (TBST; 
10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20). After blocking with TBST containing 
5% nonfat milk for 1 h, the membranes were probed with antibodies against: cdc25, p-cdc25, cdc2, 
p-cdc2, p53, p21, Bcl-2, Mcl-1, Bax, cyclin A, cyclin Al, cyclin A2, cyclin Bl, cyclin Dl, cyclin D2, 
cyclin D3, cyclin El, cyclin E2, cyclin H, ERK, p-ERK, p38, p-p38, JNK, p-JNK, AMPK, p-AMPK, 
and (3-actin antibodies in 1% TBST nonfat milk at 4 °C overnight. The membranes were then washed 
thrice with TBST for a total of 15 min. The secondary anti-mouse IgG-HRP conjugates or anti-rabbit 
IgG-HRP conjugates (1:2000 dilutions) was subsequently incubated with the membranes for 1 h at 
room temperature and the membranes were then washed extensively for 50 min with TBST. The blots 
were visualized with the enhanced chemiluminescence (GE, Pittsburgh, PA, USA) according to the 
manufacturer's instructions. 

4.9. Statistical Analysis 

Results were presented as mean ± SD of three independent experiments in triplicates and analyzed 
by Student's t test. Differences were considered significant at * p < 0.05 and ** p < 0.01, respectively. 

5. Conclusions 

In the present study, we established TMPBA as an anti-breast cancer agent. Our results have 
improved our understanding of the potential effects of TMPBA on breast cancer cells. We believe that 
our findings provide a foundation for further studies on TMPBA as a new therapeutic candidate for cancer. 

Acknowledgments 

We thank Shyng-Shiou Yuan for providing M10 human normal mammary epithelial cell line. 
This work has been supported by a research grant from the National Science Council of Taiwan 
(NSC 101-2320-B-04 1-004), and also financial support from Chia Nan University of Pharmacy and 
Science, Tainan, Taiwan to Jui-Hsiang Hung. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. 
CA Cancer J. Clin. 2011, 61, 69-90. 

2. Abdellatif, K.R.A.; Belal, A.; Omar, H.A. Design, synthesis and biological evaluation of novel 
triaryl (Z)-olefms as tamoxifen analogues. Bioorg. Med. Chem. lett. 2013, 23, 4960-4963. 

3. Dupont, W.D.; Page, D.L. Risk factors for breast cancer in women with proliferative breast 
disease. N. E. J. Med. 1985, 312, 146-151. 



Int. J. Mol. Sci. 2014, 15 



755 



4. Peshkin, B.N.; Alabek, M.L.; Isaacs, C. BRCA1/2 mutations and triple negative breast cancers. 
Breast Dis. 2010, 32, 25-33. 

5. Wu, A.H.; Pike, M.C.; Williams, L.D.; Spicer, D.; Tseng, C.C.; Churchwell, M.I.; Doerge, D.R. 
Tamoxifen, soy, and lifestyle factors in Asian American women with breast cancer. J. Clin. 
Oncol. 2007, 25, 3024-3030. 

6. Newcomb, P. A.; Kampman, E.; Trentham-Dietz, A.; Egan, K.M.; Titus, L.J.; Baron, J. A.; 
Hampton, J.M.; Passarelli, M.N.; Willett, W.C. Alcohol consumption before and after breast 
cancer diagnosis: Associations with survival from breast cancer, cardiovascular disease, and other 
causes. J. Clin. Oncol. 2013, 31, 1939-1946. 

7. Abdelgawad, M.A.; Belal, A.; Omar, H.A.; Hegazy, L.; Rateb, M.E. Synthesis, anti-breast cancer 
activity, and molecular modeling of some benzothiazole and benzoxazole derivatives. Arch. Pharm. 
2013, 346, 534-541. 

8. Weng, J.R.; Omar, H.A.; Kulp, S.K.; Chen, C.S. Pharmacological exploitation of indole-3-carbinol 
to develop potent antitumor agents. Mini Rev. Med. Chem. 2010, 10, 398-404. 

9. Johnstone, R.W.; Ruefli, A. A.; Lowe, S.W. Apoptosis: A link between cancer genetics and 
chemotherapy. Cell 2002, 108, 153-164. 

10. Walczak, H.; Krammer, P.H. The CD95 (APO-l/Fas) and the TRAIL (APO-2L) apoptosis 
systems. Exp. Cell Res. 2000, 256, 58-66. 

11. Ashkenazi, A. Targeting death and decoy receptors of the tumour-necrosis factor superfamily. 
Nat. Rev. Cancer 2002, 2, 420-430. 

12. Green, D.R.; Kroemer, G. The pathophysiology of mitochondrial cell death. Science 2004, 305, 
626-629. 

13. Saelens, X.; Festjens, N.; Vande Walle, L.; van Gurp, M.; van Loo, G.; Vandenabeele, P. 
Toxic proteins released from mitochondria in cell death. Oncogene 2004, 23, 2861-2874. 

14. Degterev, A.; Boyce, M.; Yuan, J. A decade of caspases. Oncogene 2003, 22, 8543-8567. 

15. Takimoto, R.; El-Deiry, W.S. Wild-type p53 transactivates the KILLER/DR5 gene through an 
intronic sequence-specific DNA-binding site. Oncogene 2000, 19, 1735-1743. 

16. Horn, H.F.; Vousden, K.H. Coping with stress: Multiple ways to activate p53. Oncogene 2007, 
26, 1306-1316. 

17. Tokino, T.; Nakamura, Y. The role of p53-target genes in human cancer. Crit. Rev. Oncol. Hematol. 
2000, 33, 1-6. 

18. Cheng, W.L.; Lin, T.Y.; Tseng, Y.H.; Chu, F.H.; Chueh, P. J.; Kuo, Y.H.; Wang, S.Y. 
Inhibitory effect of human breast cancer cell proliferation via p21 -mediated Gl cell cycle arrest 
by araliadiol isolated from Aralia cordata Thunb. Planta Med. 2011, 77, 164-168. 

19. Yoshida, K.; Miki, Y. The cell death machinery governed by the p53 tumor suppressor in 
response to DNA damage. Cancer Sci. 2010, 101, 831-835. 

20. Ben Sahra, I.; Laurent, K.; Loubat, A.; Giorgetti-Peraldi, S.; Colosetti, P.; Auberger, P.; 
Tanti, J.F.; le Marchand-Brustel, Y.; Bost, F. The antidiabetic drug metformin exerts an 
antitumoral effect in vitro and in vivo through a decrease of cyclin Dl level. Oncogene 2008, 27, 
3576-3586. 

21. Shah, M.A.; Schwartz, G.K. Cyclin-dependent kinases as targets for cancer therapy. 
Cancer Chemother. Biol. Response Modif. 2003, 21, 145-170. 



Int. J. Mol. Sci. 2014, 15 



756 



22. Gillett, C; Fantl, V.; Smith, R.; Fisher, C; Bartek, J.; Dickson, C; Barnes, D.; Peters, G. 
Amplification and overexpression of cyclin Dl in breast cancer detected by immunohistochemical 
staining. Cancer Res. 1994, 54, 1812-1817. 

23. Keyomarsi, K.; Conte, D., Jr.; Toyofuku, W.; Fox, M.P. Deregulation of cyclin E in breast cancer. 
Oncogene 1995, 77, 941-950. 

24. Shapiro, G.I.; Harper, J.W. Anticancer drug targets: Cell cycle and checkpoint control. 
J. Clin. Investig. 1999, 104, 1645-1653. 

25. Gan, F.F.; Nagle, A.A.; Ang, X.; Ho, O.H.; Tan, S.H.; Yang, H.; Chui, W.K.; Chew, E.H. 
Shogaols at proapoptotic concentrations induce G(2)/M arrest and aberrant mitotic cell death 
associated with tubulin aggregation. Apoptosis 2011, 16, 856-867. 

26. Wadhwa, R.; Singh, R.; Gao, R.; Shah, N.; Widodo, N.; Nakamoto, T.; Ishida, Y.; Terao, K.; 
Kaul, S.C. Water extract of ashwagandha leaves has anticancer activity: Identification of an active 
component and its mechanism of action. PIoS One 2013, 8, e77189. 

27. Zhang, W.; Liu, H.T. MAPK signal pathways in the regulation of cell proliferation in mammalian 
cells. Cell Res. 2002, 12, 9-18. 

28. Furlong, E.E.; Rein, T.; Martin, F. YY1 and NF1 both activate the human p53 promoter by 
alternatively binding to a composite element, and YY1 and El A cooperate to amplify p53 
promoter activity. Mol. Cell. Biol. 1996, 16, 5933-5945. 

29. Omar, H.A.; Sargeant, A.M.; Weng, J.R.; Wang, D.; Kulp, S.K.; Patel, T.; Chen, C.S. Targeting 
of the Akt-nuclear factor-KB signaling network by [l-(4-chloro-3-nitrobenzenesulfonyl)-lH- 
indol-3-yl] -methanol (OSU-A9), a novel indole-3-carbinol derivative, in a mouse model of 
hepatocellular carcinoma. Mol. Pharmacol. 2009, 76, 957-968. 

30. Rao, C.V.; Patlolla, J.M.; Qian, L.; Zhang, Y.; Brewer, M.; Mohammed, A.; Desai, D.; Amin, S.; 
Lightfoot, S.; Kopelovich, L. Chemopreventive effects of the p5 3 -modulating agents CP-31398 
and Prima- 1 in tobacco carcinogen-induced lung tumorigenesis in A/J mice. Neoplasia 2013, 75, 
1018-1027. 

31. Weng, J.R.; Tsai, C.H.; Omar, H.A.; Sargeant, A.M.; Wang, D.; Kulp, S.K.; Shapiro, C.L.; 
Chen, C.S. OSU-A9, a potent indole-3-carbinol derivative, suppresses breast tumor growth by 
targeting the Akt-NF-KB pathway and stress response signaling. Carcinogenesis 2009, 30, 
1702-1709. 

32. Hung, J.H.; Teng, Y.N.; Wang, L.H.; Su, I.J.; Wang, C.C.; Huang, W.; Lee, K.H.; Lu, K.Y. 
Induction of Bcl-2 expression by hepatitis B virus pre-S2 mutant large surface protein resistance 
to 5-fluorouracil treatment in Huh-7 cells. PIoS One 2011, 6, e28977. 

33. Omar, H.A.; Arafa El, S.A.; Salama, S.A.; Arab, H.H.; Wu, C.H.; Weng, J.R. OSU-A9 inhibits 
angiogenesis in human umbilical vein endothelial cells via disrupting Akt-NF-KB and MAPK 
signaling pathways. Toxicol. Appl. Pharmacol. 2013, 272, 616-624. 

34. Reddy, A.S.; Zhang, S. Polypharmacology: Drug discovery for the future. Expert Rev. 
Clin. Pharmacol. 2013, 6, 41-47. 

35. Ryan, K.M.; Phillips, A.C.; Vousden, K.H. Regulation and function of the p53 tumor suppressor 
protein. Curr. Opin. Cell Biol. 2001, 13, 332-337. 

36. Chandel, N.S.; vander Heiden, M.G.; Thompson, C.B.; Schumacker, P.T. Redox regulation of p53 
during hypoxia. Oncogene 2000, 19, 3840-3848. 



Int. J. Mol. Sci. 2014, 15 



757 



37. Chang, B.D.; Xuan, Y.; Broude, E.V.; Zhu, H.; Schott, B.; Fang, J.; Roninson, LB. Role of p53 
and p21wafl/cipl in senescence-like terminal proliferation arrest induced in human tumor cells by 
chemotherapeutic drugs. Oncogene 1999, 18, 4808-4818. 

38. Lin, W.C.; Chuang, Y.C.; Chang, Y.S.; Lai, M.D.; Teng, Y.N.; Su, I.J.; Wang, C.C.; Lee, K.H.; 
Hung, J.H. Endoplasmic reticulum stress stimulates p53 expression through NF-kB activation. 
PloSOne 2012, 7, e39120. 

39. Wu, H.; Lozano, G. NF-kappa B activation of p53. A potential mechanism for suppressing cell 
growth in response to stress. J. Biol. Chem. 1994, 269, 20067-20074. 

40. Ryan, K.M.; Ernst, M.K.; Rice, N.R.; Vousden, K.H. Role of NF-kB in p53-mediated 
programmed cell death. Nature 2000, 404, 892-897. 

41. Meisse, D.; van de Casteele, M.; Beauloye, C; Hainault, I.; Kefas, B.A.; Rider, M.H.; 
Foufelle, F.; Hue, L. Sustained activation of AMP-activated protein kinase induces c-Jun 
TV-terminal kinase activation and apoptosis in liver cells. FEBS lett. 2002, 526, 38-42. 

42. Kefas, B.A.; Cai, Y.; Ling, Z.; Heimberg, H.; Hue, L.; Pipeleers, D.; van de Casteele, M. 
AMP-activated protein kinase can induce apoptosis of insulin-producing MIN6 cells through 
stimulation of c-Jun-7V-terminal kinase. J. Mol. Endocrinol. 2003, 30, 151-161. 

43. Igata, M.; Motoshima, H.; Tsuruzoe, K.; Kojima, K.; Matsumura, T.; Kondo, T.; Taguchi, T.; 
Nakamaru, K.; Yano, M.; Kukidome, D.; et al. Adenosine monophosphate-activated protein 
kinase suppresses vascular smooth muscle cell proliferation through the inhibition of cell cycle 
progression. Circulation Res. 2005, 97, 837-844. 

44. Hickson-Bick, D.L.; Buja, L.M.; McMillin, J.B. Palmitate-mediated alterations in the fatty acid 
metabolism of rat neonatal cardiac myocytes. J. Mol. Cell. Cardiol. 2000, 32, 511-519. 

45. Weng, J.R.; Bai, L.Y.; Omar, H.A.; Sargeant, A.M.; Yeh, C.T.; Chen, Y.Y.; Tsai, M.H.; 
Chiu, C.F. A novel indole-3-carbinol derivative inhibits the growth of human oral squamous cell 
carcinoma in vitro. Oral Oncol. 2010, 46, 748-754. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http : //creati vecommons . org/licenses/by/ 3.0/). 



